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Abstract 
The non-uniform hardness distribution, metallurgy and ratchetting behaviour of head-
hardened Australian rail steel (AS60 HH) are studied. In a bid to extrapolate material 
properties across the rail head continuum, a unified material model of the rail head has been 
developed, in which only the hardness of the material is variable. This simplification is 
shown to enable the material model to reasonably describe ratchetting behaviour across the 
rail head for heat-treated pearlitic steels. Finally, homogeneous material ratchetting models 
are used to study the evolution of plastic strain deformation under realistic rail-wheel contact 
conditions. The results show that non-uniform material properties may compromise 
ratcheting response with wear progression, thus impacting lifetime of AS60 HH rail steel and 
re-railing frequency. 
Keywords: Material model; rail steel; ratchetting behaviour; Non-Uniform Hardness 
Distribution 
1 Introduction 
During service, rail steel is prone to the formation of a work-hardened surface layer with 
rail traffic; if the shakedown limit is exceeded then severe rolling contact fatigue damage can 
result. Preventive/corrective grinding is performed regularly to remove the damaged layers 
before cracks can grow to exceed the critical size. The grinding passes not only remove the 
weakened and cracked metal layers but also restore desired rolling contact geometry. It is 
therefore useful to understand the role of material properties on the development of the 
plastically deformed layer, its effect on wear and the formation and growth of cracks that 
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could lead to serious railway failures, including derailment, if not corrected in a timely 
manner. 
In recent research, tests have been conducted to observe the ratcheting behaviour of head-
hardened Australian Standards rail steel (AS60 [kg/m] HH) [1]. Four test coupons were 
obtained at different sampling depths from the rail head surface and each of these was 
subjected to cyclical stress- and strain-controlled tests. For otherwise identical test conditions, 
different ratcheting responses were observed for the different test coupons, corresponding to 
the non-uniform hardness each exhibited. The purpose of these experiments was to 
understand variations of material cyclic elastoplastic behaviour in relation to hardness and 
microstructure, and to correlate this information with rolling-contact fatigue (RCF) wear 
behaviour. A key motivation for this work originates from the observation that very few 
researchers have paid attention to the issues of material property gradients, with most 
expediently considering the rail material to be homogeneous throughout the rail head. 
The present research also focuses on calibrating the Chaboche et al [2] plasticity model 
parameters to explore non-uniform hardness and ratchetting behaviour of AS60 HH rail steel. 
Non-uniform material properties arise due to limitations of both the material and the 
manufacturing process, primarily due to economic considerations. As rail tracks, will be in 
service for many years, wear resistance and material properties should be guaranteed up to a 
certain depth from the virgin rail surface to ensure adequate service reliability and safety. 
Rail network operators have introduced wear limits for each rail grade within which a 
minimum material quality is expected to be retained. For example, the AS60 HH rail standard 
specifies the following risk control measures: rail head height loss of 20 mm requires special 
monitoring, while maximum allowable height loss of 22 mm results in the rail being 
condemned and removed from service (CoP-ARTC-2013 [3]). Therefore, it is important to 
understand the mechanical behaviour of the rail head corresponding to these depths, as any 
non-uniform distribution of material properties may compromise rolling contact fatigue 
resistance, resulting in progressively accelerating wear, and potentially putting safety and 
reliability of the rail network at risk. 
The non-uniform material behaviour of AS60 HH rail material has already been detailed 
in a previous research article [1]. It is challenging to develop a comprehensive model that 
accurately reflects material behaviour so that useful numerical simulations can be devised. 
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Addressing this challenge is the primary concern of the work presented in this paper. The 
objectives of this work can be summarised in three parts:  
1. Characterisation and modelling of material properties in terms of microstructure, 
hardness and ratchetting or cyclic elastoplastic response;  
2. Development of a unified cyclic plasticity material model, based on the Chaboche et 
al model and an isotropic hardening model [4] defined in terms of hardness and 
demonstration of its plausibility;  
3. Highlighting the importance of material property gradients in governing the fatigue 
wear life of head hardened rails. 
 
2 Problem Background 
Rail head wear is often quantified using percent head loss or height loss; as defined, for 
example, by the ARTC code of practice [3]. Bi-directional measurements are recorded in the 
field using callipers, which measure height loss (table) and gauge face (side) wear, as shown 
in Figure 1. When the specified head loss limits of rail material are reached, new material is 
required to address potential safety risks. Head-hardened rail materials exhibit hardness 
distribution gradients, which may contribute to accelerating wear and fatigue rate with rail-
head material loss. Therefore, investigation of the ratcheting response of the different layers 
under cyclic loading is important in understanding the diverse wear responses exhibited by 
rails with non-uniform head hardness distributions. 
Figure 1: Wear limits of the rail material. Adapted from CoP-2013, ARTC [3]. 
Researchers [5, 6] have investigated the surface ratcheting behaviour of Australian 
premium rail steels (HE1, HE2 LAHT) using uniaxial and biaxial loading tests, where 
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uniform hardness distributions typically exist. These studies highlight that the best ratcheting 
performance is obtained with hypoeutectoid rail steel (HE1) with low carbon percentage. 
Monotonic tensile load testing using test coupons obtained from different positions [7] was 
conducted on AS60 HH rail, highlighting substantial yield strength degradation of the rail 
material with depth from the surface. More significantly, data on the cyclic response of head-
hardened rail steel at different depth levels have only become available recently in the open 
literature [1]. 
The effect of material hardness is well known to be an important property in determining 
rail materials’ resistance to rolling contact fatigue. For example, the ratcheting behaviour of 
flash butt welded joints in premium rail steel has been studied where increased susceptibility 
to RCF cracks has been observed [8]. The rail material near these joints is subjected to severe 
thermal gradients during the welding process. The resulting heat-affected zone gives rise to 
non-uniform hardness distributions in proximity of the welded joint. The weld zone’s 
response to ratchetting has yet to be quantified in detail and, therefore, the opportunity exists 
to observe the material’s fatigue behaviour using the experimental techniques presented in 
this work. The ratcheting response of the heat-affected zone of AS60 HH rail steel was 
quantified using a set of uniaxial cyclic stress and strain controlled test data [1, 9]. This data 
has been used in the present paper to develop a material model that permits more extensive 
evaluation of the ratcheting damage mechanism under conditions of non-uniform hardness 
distribution. The original experimental data showed a softening ratcheting behaviour with 
increasing depth from the surface that was consistent with the reduced hardness of the 
material as shown in Figure 2. 
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Figure 2: Rectangular coupon sampling positions within the AS60 HH rail head and mean 
hardness distribution. 
A further development involved simulating the ratcheting behaviour of the hardened layers 
under more realistic rolling-contact load conditions using the finite element (FE) method. 
This was practically implemented using the Abaqus
®
 finite element suite after the material 
constitutive models were obtained from the experimental cyclic data, as detailed in a 
subsequent part of this paper. A combined kinematic/isotropic hardening model was used to 
describe the cyclic elastoplastic response of the rail head and to subsequently explain the 
ratcheting behaviour of the rail-wheel contact interface. Recently, Pun et al. [10] used the 
Chaboche et al [4] model and isotropic hardening [4] to simulate uniaxial and multiaxial 
material tests and concluded that the model over-predicted the ratcheting strains of the rail 
steel. Nonetheless, this material model has been used by numerous researchers investigating 
the ratcheting response of rail materials, e.g. [11, 12]. Moreover, successful simulation 
requires calibration and in most cases fine-tuning of the parameters of the material model to 
match as closely as possible the data from laboratory experiments. 
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The ratcheting response at the rail head has been analysed by Wickramasinghe et al. [12] 
using Abaqus
®
 finite element simulations incorporating rail material models obtained from 
the literature. These simulations were developed to study the effects of friction on the 
ratcheting behaviour of the rail-wheel contact interface using the critical-element analysis 
method. Previously, Chaboche et al [4] kinematic hardening model was used to describe the 
inelastic behaviour of the material, and the parameters were calibrated for UIC 900A normal 
grade rail steel [13]. In the present work, the parameters have been calibrated for AS60 HH 
rail using stress- and strain-controlled data recently obtained from the different levels within 
the rail head [7]. Subsequently, the same finite element model developed by Wickramasinghe 
et al. [12] has been used to analyse the rolling contact and the ratcheting response of AS60 
HH rail material. The results are presented in a subsequent section of this paper. 
3 Experimental Analysis 
 Mechanical testing 3.1
3.1.1 Tensile tests 
The first step involves obtaining the Young’s modulus (E) and yield stress of the material 
at different depths from the tensile stress-strain data. Test coupons were subjected to 
monotonic tensile loading to obtain yield stress and Young modulus at different depth level 
(Level 1 to 4 shown in Figure 2). Despite the non-uniform material properties, Young’s 
modulus is approximately constant, varying at most by 5%, which is typical of different steel 
compositions and microstructures. However, the yield stress differs for the different depth 
levels (Level 1 to 4) as shown in Figure 4. 
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Figure 3: Tensile stress-strain diagrams showing yield stress at 0.2% strain, as well as 
cementite inter-lamellar spacing (λ) and Vickers Hardness (Η) corresponding to the four 
different depth levels (Level 1 to 4). 
3.1.2 Cyclic tests 
Cyclic mechanical tests were conducted as part of this study. In particular, the calibration 
of material parameters was conducted using these experimental cyclic load data obtained 
from samples of AS60 HH rail steel [1]. Rectangular shaped test coupons were cut from the 
rail head corresponding to the depth levels shown in Figure 2. The sampling positions were 
chosen according to the hardness profile data collected across the rail head cross-section. The 
test coupons were subjected to uniaxial stress- and stain-controlled tests according to the 
ASTM E466 and E606-04 standars [14, 15] using an MTS810
®
 cyclic load testing machine. 
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Figure 4: Stress-controlled stress-strain curves for the different sampling positions 
indicated in Figure 2, (a) level 1 with magnified inset, (b) level 2 with magnified inset, (c) 
level 3 and (d) level 4 (reproduced with permission from [1]). 
For the stress-controlled tests, the force-controlled test method used a triangle-shaped 
waveform and an axial loading rate of 8.5 kN/s (equivalent to a stress-rate of 140 MPa/s). 
Stress amplitude σa=694 MPa [σa=(σmax-σmin)/2, with σmax and σmin being the maximum and 
minimum stress respectively] and mean stress σm=83 MPa [σm=(σmax+σmin)/2] were chosen as 
suitable based on preliminary tests with trial specimens.  
The hysteresis (stress-strain) loops obtained from the stress-controlled tests are presented 
in Figure 4 at the four different depth levels presented earlier in Figure 2. It may be observed 
that level 1 and level 2 test coupons exhibit cyclic hardening behaviour while levels 3 and 4 
exhibit softening behaviour under the same loading conditions. In the former case, this means 
that the ratchetting strains diminish with each cycle; while in the latter, the ratchetting strains 
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may either increase or remain nominally constant with successive cycles. Figure 5 illustrates 
the variation of the total strain at the peak of each cycle for different depth levels, as obtained 
from the hysteresis loops curves (strain corresponding to maximum stress point). As expected 
material close to surface reflected hardening behaviour while other subjected rapid plastic 
deformation. 
 
Figure 5: Experimental results of AS60HH steel ratcheting strain (total axial strain x at 
peak of N
th
 cycle) versus number of cycles (N) at different depth level (Level 1 to 4) for  
σa=694 MPa and σm=83 MPa. 
 
Figure 6: Hysteresis loops obtained from the symmetric ( 0%m  ) strain-controlled tests at 
1.5% strain level (reproduced with permission from [1]). 
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Table 1: Element composition of AS60 HH. 
Element Composition % 
C 0.70-0.82 
Mn 0.70-1.10 
P 0.04 
S 0.04 
Si 0.10-0.35 
The uniaxial strain-controlled tests also consisted of a triangle-shaped displacement 
waveform. The strain-controlled tests were all conducted at 0.0005 s
-1
 strain rate, which was 
chosen to ensure control system stability and to closely monitor for potential buckling of the 
test coupon.Strain amplitudes ( a ) of 0.5%, 1.0% and 1.5% were used with mean strain 
values ( m ) of 0%, 0.5% and 1.0%. Figure 6 presents an example of the obtained test results.  
 Material metallurgical analysis 3.2
 
The material tested in this research was obtained from a new 60 kg/m rail head and its 
elemental composition is presented in Error! Reference source not found.. This rail track 
material is heat treated by an induction hardening process to elevate the wear resistance of the 
rail head. The changes in hardness and wear resistance may be associated with 
microstructural variations, as shown in Figure 7. The observed reduction of hardness with 
depth can lead to compromised wear resistance with increasing rail traffic that may 
unexpectedly reduce the rail’s lifetime. 
The rail steel microstructure primarily consists of a combination of ferrite and cementite 
layers of varying refinement throughout the material. As a result of the induction hardening 
process, distinct pearlitic and upper bainitic microstucturs may be observed. Figure 7 shows 
microstuctural variations for each sampling level with images obtained using a Zeiss
®
 field 
emission scanning electron microscope (FESEM). Noting the different scales of the images, it 
may be observed that level 1 shows a mix of fine pearlitic and upper bainitic microstructures. 
The average inter-lamellar spacing of the microstructure increases with depth level; which is 
corroborated by the uniaxial stress-strain response, the rising average inter-lamellar spacing 
and decreasing Vickers hardness, all presented in Figure 2 for the four different levels. It is 
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thus clearly observed that microstucture is significantly affected by the induction hardening 
process and that interlamellar spacing increases with sampling depth. Finally, impurities can 
be observed in Figure 7(d) (confirmed as MnS by elemental analysis), interspersed within the 
pearlite microstructure. 
  
12 
 
 
  
(a) (b) 
  
(c) (d) 
 
Figure 7: FESEM images of test coupon, (a) level 1, (b) level 2, (c) level 3 and (d) level 
4 (reproduced with permission from [1]). 
Table 2: Inter-lamellar spacing and hardness variation at rail different depth levels. 
Depth from 
surface 
(mm) 
Inter-lamellar 
spacing   (nm) 
Mean Hardness H 
(HV0.1) 
Proof Stress  
0.2% (MPa) 
Level 1 /   0.2 44 415.6 911 
Level 2 / 10.2 63 381.6 805 
Level 3 / 20.2 122 302.2 572 
Level 4 / 30.2 189 282.1 510 
 
Interlamellar spacing corresponding to hardness and proof stress is tabulated in the Table 
2, shows clear correlation as fine inter lamellar spacing form hard cementite arrangement, 
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which increase hardness and proof stress compared to coarse pearlitic microstructure. 
Therefore, hardness and proof stress degraded with depth from the rail surface. Development 
of the material model with optimal parameters to capture material non-uniformity is next step 
of the study. 
4 Material Modelling 
 Background 4.1
Under cyclic loading, the rail material shows a complex mechanical response with plastic 
deformation. The ratcheting response of the rail steel is important as it leads to surface and 
subsurface damage accumulation. In the framework of cyclic plasticity, many advanced 
elastoplastic constitutive models have been developed to predict cyclic deformation of the rail 
steel and a number of these cyclic models have been included with finite element software 
packages. The Chaboche et al model [4] was selected as the material model because it is 
capable of simulating kinematic hardening behaviour of metals and it is a supported material 
model in Abaqus
®
 [16]; meaning that it can be implemented conveniently in finite element 
simulations involving large plastic strains. As there are many parameters in this model, it is 
challenging to satisfactorily fit all of the parameters to the experimental data. To this end, 
third party software can be used such as MCalibration
®
 by Veryst Engineering [17] or custom 
code scripted in languages such as Fortran [18] . MCalibration was used to good effect in this 
work, with more details provided in the results section. 
 
 Model formulation 4.2
The mathematical formulation of the kinematic hardening (yield surface translation) and 
the isotropic hardening (yield surface size change) rules is provided in this section. The 
formulation is limited to the uniaxial governing equations, since both the problem examined 
and its implementation (ratcheting) is in the uniaxial stress space (tension/compression cyclic 
loads). 
The yield surface applied was the Von Mises yield surface ( f ) given by Eq. 1: 
 
2 2 0f a k      (1) 
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Where   is the applied stress, a  the kinematic hardening back stress (controlling the yield 
surface translation in stress space) and k  the isotropic hardening term (controlling the yield 
stress magnitude). 
4.2.1 Kinematic hardening 
The kinematic hardening back stress a  [18] is governed by the following equations: 
1:3
i
i
a a

  (2) 
With   1,2,3p pii i
i
c
a a i 

    (3) 
Where ic  and i  are material parameters. The ic  parameter represents the saturation rate of 
the back stress a , with i ic  providing the saturated value. Dot notation over a term 
corresponds to the time derivative of the term. 
The analytical expressions of each of the back stress ia  are the following: 
 Loading path:  1 1,2,3
p
ii
i
i
C
a e i
 

    (4) 
 Unloading path:  1 2 1,2,3
p
ii
i
i
C
a e i
 

     (5) 
 
4.2.2 Isotropic hardening 
The isotropic hardening rule [4] is described by Eq. 6.  
  pk sk c k k     (6) 
Where kc  and sk  are material parameters (representing correspondingly the saturation rate 
and saturated value of the yield stress k ) and p  the plastic strain.  
By integrating eq. 6 and with   00pk k   , the following analytical expression of isotropic 
hardening is obtained: 
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 0 1
p
kc
sk k k e

     (7) 
Where 
0k  is the virgin material (initial) yield corresponding to a given rail head depth. Thus, 
in order to obtain the isotropic hardening rule for k , one may select to: 
a) Assign a discrete 0k value for each depth level j  ( 1,2,3,4j  ), with 
 0 0 0 0 0 01 2 3 4, , ,jk k k k k k   or,  
b) Employ a continuous function  0 0k k d  with depth d  (the distance from the rail 
head surface). 
 
A continuous function of  0 0k k d  is proposed as the most appropriate option, as a way to 
obtain a more generalised description of the material isotropic response at different depths. 
This function should be able to curve fit the experimental data obtained.   
 
4.2.3 Overall model 
Stress can be calculated by solving the yield surface Eq. 8: 
 
3
1
i
i
a k d

    (8) 
Where   providing the tensile (+) and compressive (-) stress value. 
An analytical solution of stress can be obtained by substituting eq. (4), (5) and (7) in (8): 
 Loading path:      
3
0
1
1 1
pp
ki
ci
s
i
C
e k d k e
 





 
    
  
   (9) 
 Unloading path:      
3
0
1
1 2 1
pp
ki
ci
s
i i
C
e k d k e
 



 
    
  
   (10) 
 
 Determination of model parameters 4.3
4.3.1 Initial Calibration 
The initial material parameters for the plasticity model were calibrated with the 
implementation of the methodology proposed by Bari and Hassan [19], by using the level 1 
1% strain-controlled experimental results (Figure 8). In particular, the hysteresis loop loading 
branch of the stabilised cycle was curve-fitted with the use of the following equation: 
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   
 
 
3 3
0 0 0
1 1
1 2
pp
i x Li
x i
i i i
c
a k d a k d e k d
  


     
 
 
       
 
    (11) 
Where xa  is the total axial back stress, 
p
x  is the axial plastic strain and 
p
L  is the strain 
amplitude of the strain-controlled test.  
The curve fit obtained using Eq. (11) for depth level 1 [  0 0.2k   911 MPa, obtained from 
Table 2] is shown in Figure 8. 
 
Figure 8: Curve-fitting Eq. 11 to the loading section of stabilised strain-controlled data to 
determine kinematic hardening parameters (1% strain amplitude, level 1 sample). 
 
 
Moreover, as suggested by Bari and Hassan [19], the third back stress ( 3a  ) equation has 
the greatest control over ratcheting (plastic strain accumulation) rate. Therefore, the value of 
3  was adjusted (through a trial and error approach) to improve the simulation accuracy of 
the stress-controlled experimental data corresponding to level 1 test coupon  
The isotropic hardening parameters were estimated using the symmetric strain-controlled 
test results (Figure 9) and the resulting stress amplitude ( xa ) data. In particular, Eq. 12 
(shown below), used for that purpose, was derived from the yield stress ( k  ) evolution Eq. 7 
by assuming a constant plastic strain range p
x  per cycle N  over a given stress range x .  
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 
   0 1
2
p
k xc Nx
s
N
k d k e
        (12) 
The values of 
kc  and sk  can be obtained by fitting Eq. 12 to stress-amplitude (where 
2xa x   ) versus the number of cycles ( N ) curve (Figure 9). 
 
 
 
Figure 9: Curve fitting Eq. 12 to strain-controlled stress amplitude versus number of 
cycles to determine isotropic hardening parameters (1% strain amplitude, Level 1 sample). 
Table 3: Initial model parameters for Level 1 sample position. 
E 
(MPa) 
Isotropic hardening Kinematic hardening 
0k   
(MPa) 
sk   
(MPa) 
kc   1c  
(MPa) 
2c  
(MPa) 
3c  
(MPa) 
1  2  3  
185,600 911 64.87 1.82 91,398 504 35,936 6,015 1.14 362.30 
The kinematic and isotropic hardening parameters for the level 1 sample, obtained 
through the initial calibration process, are provided in Error! Reference source not found.. 
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The selection of a  0k d  function was performed by identifying the evolution type of 
the yield stress experimental data presented in Table 2. In particular, these data are plotted in 
Figure 10 where one can observe that they follow an exponential-type evolution. 
 
Figure 10: Yield Stress evolution (Experimental data) at different rail depths  
 
Thus, the following expression is proposed: 
 
2.50 0 0 d
vk d k k e

   (13) 
Where 
0k , 
0
vk  and   are model parameters (constants) 
The parameters obtained from fitting the yield stress versus depth level curve data are the 
following: 
0 505k  MPa, 
0 410vk  MPa and 0.001  , with the prediction presented in 
Figure 11. A very good agreement between experimental and predicted data is evident. 
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Figure 11: Yield stress evolution curve fitting with the use of Eq. 13 
Further on, the Level 1 parameters (Table 3) were optimised with the use of the 
MCalibration
®
 software [17]. The MCalibration
®
 software is designed to fit mechanical test 
data to a variety of material constitutive models, including the Chaboche et al [4] model. The 
software uses various data fitting and optimisation techniques, such as the Nelder-Mead 
simple method and the Levenberg-Marquardt optimization technique to obtain a good fit 
between experimental and material model data (minimise the normalised mean absolute 
difference). Details of the optimisation algorithms are proprietary data. 
The software-optimised material parameters for Level 1 were then used as the initial 
values for the level 2 material model calibration and the program was run again to obtain the 
parameters for the new depth level. This process was continued until all of the depth levels (1 
to 4) were optimised. The software optimization process was able to achieve correlation 
coefficients of up to 0.97, between the model prediction using the calibrated material 
parameters and experimental ratcheting data. It is noted that the optimisation included the 
0k
parameters obtained from the previous step. The optimised parameters acquired for all depth 
levels (for both isotropic and kinematic hardening) are provided in Error! Reference source 
not found.. 
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Table 4: Optimised model parameters for each level obtained using MCalibration
®
 
software applied to experimental ratchetting data 
 Parameter Level 1 Level 2 Level 3 Level 4 
 E  (GPa) 212 
Is
o
tr
o
p
ic
 
h
a
rd
en
in
g
 
0k (MPa) 474.26 223.32 110.32 107.72 
sk   (MPa) 48.30 71.89 34.26 101.60 
kc  16.45 4.59 0.84 5.84 
K
in
em
a
ti
c 
h
a
rd
en
in
g
 
1c  (MPa) 290,797 586,216 373,030 371,720 
2c  (MPa) 515,649 19,003 11,820 10,622 
3c  (MPa) 54,638 60,850 48,299 41,698 
1  1,526 1,768 1,591 15,298 
2  102.80 3.93 3.29 2,963 
3  128.30 281.00 237.60 243.00 
 
The validity of the 
0k prediction model (Eq. 13) was checked further against the optimised 
parameters (Table 4). These data were plotted and Eq. 13 was curve fitted, with a very good 
agreement achieved between optimised parameters and model prediction (Figure 12). The 
parameters used are the following: 
0 105k  MPa, 
0 375vk  MPa and 0.0035  . 
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Figure 12: Yield stress evolution data Table 4 curve fitting with the use of Eq. 13 
 
4.3.2 Material non-uniformity vs metal plasticity  
The induction hardening process is a process employed to increase the hardness of the 
material, which effectively improves resistance to wear and fatigue damage. The 
microstructure refinement occurring during this process leads to decreased lamellae spacing 
of the pearlitic structure, consequently increasing the hardness of the material. The outcome 
of the induction hardening process is non-uniform hardness distribution. Thus, the observed 
non-uniformity is not associated with a different material composition. Essentially, the rail 
head is composed of the same material, having different yield strengths at different depth 
levels, due to a non-uniformly modified microstructure (imposed by the induction hardening 
process). However, we notice that the optimised material parameters for the different 
sampling positions, shown in Table 4, are significantly different for a material having the 
same composition. Apparently, one may pose the following question: “Is it possible to 
develop a model that can predict accurately the material mechanical behaviour by using a 
single set of parameters?”. Therefore, a hypothesis examined in this study is whether such a 
single set of parameters can exist for a combined kinematic (Chaboche et) and isotropic 
hardening model, capable to represent in a unified way the mechanical behaviour of the 
material troughout its composition. It follows that the same material set of parameters could 
be used to predict experimental wear data. 
To test this hypothesis, a Chaboche et al plasticity model programmed in Fortran [18], 
employing a backward implicit Euler integration scheme, was used to further refine the 
optimised parameters (Table 4) to determine a single set of parameters capable to simulate 
successfully the transient cyclic phenomena across all four levels. This involved a trial and 
error process using the MCalibration optimisation parameters as the bounds for each 
parameter. The parameters were adjusted until accurate ratcheting simulation was achieved at 
each of the four levels (curves shown in Figure 5). The strategy employed involved checking 
the capability of each depth level’s kinematic hardening parameters to simulate all ratcheting 
curves by start with best fitting data set. The obtained material parameters for the plasticity 
model are given in Table 5, where the originating sets (from each level) are also indicated 
(illustrating the aforementioned strategy). 
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Table 5: Optimum material parameters for yield-controlled Chaboche et al model, where 
only the yield parameter virgin material yield stress at each depth level (
0k ) is variable. 
 Parameter All Levels Level 1 Level 2 Level 3 Level 4 
 E  (GPa) 212 212 
Is
o
tr
o
p
ic
 
h
a
rd
en
in
g
 
0k (MPa)  675.00 490.80 208.70 175.70 
sk   (MPa) 101.70    101.60 
kc  0.84   0.84  
K
in
em
a
ti
c 
h
a
rd
en
in
g
 
1c  (MPa) 371,720   373,030 371,720 
2c  (MPa) 10,622    10,622 
3c  (MPa) 48,389   48,299  
1  1,599   1,591  
2  3,45  3.93 3.29  
3  243.00    243.00 
 
Once again, the validity of the 
0k model (Eq. 13) was checked by fitting the data 
obtained from the final optimisation and unification step (Table 5). These data were plotted 
and Eq. 13 was curve fitted, with a very good agreement achieved between optimised 
parameters and model prediction (Figure 13). The parameters used are the following: 
0 175k   MPa, 
0 500vk   MPa and 0.0014  . 
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Figure 13: Yield stress evolution data Table 5 curve fitting with the use of Eq. 13 
For completeness, the unified plasticity model parameters are presented in Table 6. This set 
of parameters is used for the finite element analysis presented later in this paper. 
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Table 6: Unified plasticity model parameters 
 Parameter Value 
 E  (MPa) 212,000 
Is
o
tr
o
p
ic
 h
a
rd
en
in
g
 
0k (MPa) 
175 
0
vk (MPa) 500 
  0.0014 
sk   (MPa) 101.70 
kc  0.84 
K
in
em
a
ti
c 
h
a
rd
en
in
g
 
1c  (MPa) 371,720 
2c  (MPa) 10,622 
3c  (MPa) 48,389 
1  1,599 
2  3,45 
3  243.00 
 
5 Results and Discussion 
The Table 5 parameters were used to predict the ratcheting response of the rail material at 
different depths from the rail head surface using the Abaqus
®
 implementation of the 
Chaboche et al model [2, 4]. Comparison between experimental and predicted ratcheting data 
(ratcheting strain x and ratcheting rate /xd dN ) is shown in Figure 14 and Figure 14. It is 
noted that ratcheting rate /xd dN  is in practice the slope of the ratcheting strain (total strain 
at peak of cycle) curve. In particular, from Fig. 14 one can calculate (approximate) the 
ratcheting strain derivative /xd dN  (slope), which is the ratcheting rate ( /xd dN ) per cycle 
plotted in Fig. 15. 
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Figure 14: Experimental results and Chaboche et al model predictions of AS60HH steel 
ratcheting strain (total axial strain x  at peak of N
th
 cycle) versus number of cycles (N) at 
different depth level (Level 1 to 4) for σa=694 MPa and σm=83 MPa. 
 
Figure 15:  Experimental results and Chaboche et al model predictions of AS60HH steel 
ratcheting rate ( /xd dN ) versus number of cycles (N) at different depth level (Level 1 to 4) 
for σa=694 MPa and σm=83 MPa. 
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The Chaboche et al model has been used in ratcheting studies of rail steel previously [10, 
12]; these were not able to simulate ratcheting behaviour of the rail steel successfully. 
However, with proper calibration of the material parameters, the Chaboche et al model can be 
used to analyse effectively the ratcheting response of rail steel. These material parameters can 
predict ratcheting rate ( /xd dN ) up to a significant number of cycles, where other simulations 
have failed to do so. Figure 15 highlights a comparison of the ratcheting rate ( /xd dN ) 
between experimental and simulation data and shows good agreement with the calibrated 
material parameter set. 
Figure 16:  Experimental results and Chaboche et al model predictions of AS60HH steel 
(a) Ratcheting strain (total axial strain x  at peak of N
th
 cycle versus number of cycles N) and 
(b) ratcheting rate ( /xd dN versus number of cycles N) at the level 3 sample position for 
σa=527 MPa and σm=93 MPa. 
It is also important to verify whether these parameters are also capable of reasonably 
predicting other test conditions. To demonstrate this, the same material parameters of level 3 
were used to predict ratcheting behaviour under different test conditions, namely: stress 
amplitude σa=527 MPa and mean stress σm=93 MPa. These experimental conditions were 
simulated using a level 3 parameter-set and the predicted results are illustrated in Figure 16, 
representing ratcheting strain (total axial strain x  at peak of cycle) and ratcheting rate (
/xd dN ) under the experimental conditions and showing good agreement with experimental 
test data. This graph further validates the capability of prediction of ratcheting response using 
  
(a) (b) 
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the material model obtained in this research. According to the above analysis and validation, 
the Chaboche et al model [2] can also be used as an acceptable means to obtain the ratcheting 
response of head-hardened rail steel. 
The model calibration process depends on uni-axial loading conditions due to limitations 
of the test conditions. There are more advanced material models like the Multiplicative 
Armstrong-Frederick Model (MAFM) developed by Dafalias et al [20], which have been 
successfully applied to steel, aluminium [18, 21] to predict more complex loading conditions. 
However, calibration of those models requires extensive experimental data. The Chaboche et 
al model used in the present work has the advantage of simplicity; however, it can have 
limitations in simulating more complex multiaxial loading conditions and the results may not 
to be as accurate due to the limitations of the Chaboche et al model compared to MAFM 
model for example. 
 Hardness and Yield Relationships in the Rail Steel 5.1
It has been shown that yield of rail steel can be successfully used to predict cyclic 
behaviour of the rail steel. However, it is important to identify the relationship between rail 
steel hardness and yield to make a proper use of the simulation in the maintenance/service 
process. Researchers have developed some generic relationship to predict yielding of the steel 
using hardness measurement. This relationship was highlighted in 1956 by Tabor [22], and is 
well known as the Tabor and Meyer equation. Many researchers have since developed 
modifications to this equation to make better approximations, which have been used to 
estimate yield strength [23-26].  Pavilina [23] used a linear relationship to estimate the yield 
strength of hypereutectoid steel, highlighting that this steel exhibits a linear relationship 
between hardness and yield strength. 
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Figure 17: Yield strength variation as a function of mean hardness for AS60HH rail 
steel 
 
Hardness values (HV0.1) and yield strength of AS60HH rail steel at different depth 
levels can be found in [1] and is summarised in Figure 17. This data has been used to 
develop a linear fit that enables conversion from yield strength to hardness:  
2.9864 331.912y vH          (14) 
Where y  is the yield stress of the material, vH  is the Vickers hardness (HV0.1). 
The current approach highlights the linear relationship between hardness variation of the 
AS60HH rail steel and the initial yield surface values used for the material model simulation. 
Figure 12 and Figure 13 show the non-uniformity of the yield surface distribution in the rail 
head corresponding to depth, which can be used to establish the isotropic material parameters 
of the model at a given worn depth or hardness measurement. Interestingly, the proposed 
model has shown excellent fit to the experimental and simulation data. Therefore, this 
method can be used to study rail material cyclic plasticity behaviour using a non-destructive 
approach, and, more importantly, it can also be used as a maintenance and life prediction 
indicator. Moreover, the model can be correlated to wear and grinding data [27, 28]  and, 
subsequently, inform maintenance decisions related to the life-cycle of AS60 rail material. 
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It may be appreciated that the in-situ rail surface is subjected to work hardening during 
the service which may corrupt the material’s initial hardness measurements. To address this 
issue, it is recommended that hardness measurements be taken immediately after the rail 
surface has been ground for preventive/corrective maintenance.  
The concept is formulated to numerical simulations for further analysis of the non-
uniform hardness distribution of the rail head, as it is important to understand how this affects 
wear and ratcheting accumulation under real contact conditions arising on the worn rail head. 
Therefore, this study is extended to finite element modelling using the material models just 
developed. 
 
 Finite Element Model 5.2
The optimised material model were used in Abaqus
®
 [12] to investigate the stresses and 
strains developed under realistic rail traffic conditions. The extent of plastic strains was noted 
to evaluate the role of different material properties on the ratchetting response of rail/wheel 
contact. In previous work, a Finite Element (FE) model was used to analyse the friction 
effects on subsurface crack initiation in UIC 900A rail steel [12]; this work forms the basis 
for the new modelling described here. The rail was designed according to AS 1085.1 [29] 
with 60 kg/m rail profile; in the Abaqus
®
 finite element model, pressure and traction loads are 
applied using DLOAD and UTRACLOAD user subroutines. The axle load considered for all 
scenarios was 26 tonnes, corresponding to a wheel normal load of about 130 kN. The contact 
pressures developed are therefore sufficient to initiate ratcheting in the rail material. 
The elliptical contact patch dimensions are obtained using Hertzian contact theory by 
considering 0.3 m rail head radius and 0.46 m wheel radius (elliptical contact patch 
dimensions are a=7.88 mm and b=5.97 mm – shown in Figure 18), as detailed in [30]. The 
friction coefficient defines the relationship between the maximum traction force and the 
normal load. It has been identified that a low friction coefficient (<0.3) is responsible for 
initiating cracks in the subsurface due to ratcheting accumulation, while a higher coefficient 
(>0.3) leads to more surface fatigue cracks [12]. Based on this information, two 
friction/traction coefficients (0.1 and 0.4) were selected to analyse surface and subsurface 
ratcheting response arising from material inhomogeneity. It is noted that traction coefficient 
is the friction coefficient in the rail-wheel contact interface (traction force/normal force) 
when rolling/sliding acts simultaneously. 
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Figure 18: Hertzian pressure load simulation (a=7.88 mm, b=5.97 mm) 
The FE models are subjected to the same loading conditions, with stress and plastic strain 
accumulation recorded to compare the effects of the different material parameters. Equivalent 
plastic strain energy (PEEQ) is illustrated in Error! Reference source not found. 
corresponding to different depth levels (corresponding hardness/yield strength) and friction 
coefficients. As observed in Error! Reference source not found. and 20, the equivalent 
plastic strain is small but more highly localised for the harder surface material. In 
comparison, as depth level is increased, the reduced hardness results in increased plastic 
strain over a wider volume. Therefore, a hardened material layer reduces the accumulated 
ratcheting damage in the rail material. As the hardness drops, plastic strain increases and 
penetrates more broadly, which leads to increased ratcheting and fatigue damage in the rails 
as the hardened layer is worn away. A similar trend is observed with high traction/friction 
coefficient at the different levels, with the difference that maximum plastic strain energy is 
concentrated at the surface. According to these preliminary ratcheting studies, a traction 
coefficient of 0.1 has shown that accumulation depth of maximum plastic strain is not 
directly affected by the non-uniform hardness distribution, provided that the same contact 
geometry conditions are maintained.  
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Figure 19: Plastic strain energy accumulation (PEEQ) corresponding to varying 
friction coefficient and material depth properties. 
The worn rail dimensions have limits set by various rail owners; for example, the Code of 
Practice (ARTC 2013) defines the condemning limit for loss of height of AS 60 kg/m head-
hardened rail as 20 mm from the original profile and at least 24 mm remaining height of the 
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rail head. When the rail reaches the wear limits, it is necessary to control traffic and speed as 
a safety precaution. Figure 20 illustrates ratcheting accumulation according to the different 
hardened layers and corresponding Von Mises stress distribution for the same set of elements. 
Severe strain accumulation is observed on the less hard layers (levels 3 and 4), often with 
more than 100-times the plastic strain compared to level 1. 
  
 
Figure 20: Plastic strain accumulation and corresponding Von Mises stress distribution 
under 0.1 traction coefficient. 
A traction coefficient of 0.4 enhances surface shear stresses and strains, which lead to 
more severe strain accumulation at the surface. Maximum plastic strain accumulation and the 
corresponding von Mises stress distributions are shown in Figure 21. This demonstrates again 
the superior wear resistance of the hardened layers of AS 60 kg/m material under high 
traction conditions when compared to material closer to the condemning limit for rail 
serviceability. When compared to the first layer, the lower layers show greater strain 
accumulation at the surface under otherwise identical loading conditions. Importantly, level 2 
shows significantly higher strain accumulation with higher traction when compared to level 
1. Therefore, severe plastic deformation can be expected after 8-10 mm of table wear in high 
traction conditions. 
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(a) 
 
(b) 
Figure 21: (a) Plastic strain accumulation and (b) corresponding Von Mises stress 
distribution under 0.4 traction coefficient. 
As a result of this study, it has been demonstrated that the calibrated Chaboche et al 
(combined kinematic and isotropic hardening) model can be used to study ratcheting 
behaviour of rail heads with non-uniform hardness distributions. Furthermore, the finite 
element model can be used to extensively analyse the ratcheting behaviour of the heat 
affected zone of the rail head. Consequently, the techniques presented may be used to analyse 
the heat affected zone in flash butt welded joints, where RCF cracks have been observed in 
the field (presenting a serious structural integrity problem). In summary, the determined 
material model parameters are fundamental for extending and validating advanced finite 
element models, where detailed material behaviour can be implemented corresponding to 
heat affected zones and locally varying hardness. Future developments of this work should 
involve further optimisation of parameters for multiaxial loading conditions, using more 
advanced and ratcheting-focused material models, such as the MAFM [20]. 
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6 Conclusions 
The study deals with the measurement, simulation and characterisation of rail material 
plasticity in relation to ratcheting wear of rail/wheel contacts. The issue of rail material 
properties’ variation over the cross section, mainly attributed to manufacturing heat 
treatments applied and presence of heat affected zones from welding of the rail ends, has 
been examined in detail. The primary objective and achievement of this study was to develop 
a simple unified material model, on the basis of the Chaboche et al kinematic hardening 
model, capable to predict rail material exhibiting high non-uniform properties. To the best 
knowledge of the authors such modelling approach has not be proposed in the past by other 
researchers working on rail/contact problems. In summary, the conclusions drawn from this 
research are the following: 
 AS60 HH rail material, exhibiting variable hardness at different depth levels, has been 
successfully simulated using a unified material model. The unified material model 
provides a novel modelling and calibration technique to devise material models for 
heat treated steels which exhibit non-uniform hardness distributions. 
 The suggested yield surface measurement technique can be used to study rail material 
cyclic behaviour using a non-destructive approach, and, more importantly, it can also 
be used as a maintenance and life prediction indicator. This methodology has the 
potential to be applied to other aspects of track operation, where hardness variations 
are observed (e.g. flash butt-welded rail joints). 
 The maximum plastic strain energy accumulation (PEEQ) depth is not affected 
significantly by the non-uniform hardness distribution of rail head material; instead it 
shows dependence on the loading conditions, contact patch and traction coefficient. 
 For the material studied, severe rolling contact fatigue and wear can be observed after 
12-15 mm of table wear under low traction conditions. However, higher traction can 
result in adverse effects on wear after just 9 mm of table head loss. 
 Finite element analysis has illustrated the maximum plastic strain distribution of the 
rail with changing hardness properties. This aspect is significantly important in 
analysing ratcheting behaviour of worn tracks under general loading conditions. 
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Highlights: 
 Non-uniform hardness distribution of Australian Standards AS60HH rail is quantified 
 Distinct calibration techniques are utilised to obtain a unified material parameter-set 
for the Chaboche-Lemaitre model 
 Ratcheting response of the rail head is investigated using a finite element numerical 
model 
 Non-uniform material behaviour and its effect on long-term re-railing strategies are 
discussed in detail. 
 
